Gendron M-È , Thorin E. A change in the redox environment and thromboxane A2 production precede endothelial dysfunction in mice. Am J Physiol Heart Circ Physiol 293: H2508-H2515, 2007. First published July 20, 2007; doi:10.1152/ajpheart.00352.2007.-We reported that the endothelial dysfunction that develops with age was associated with a proinflammatory phenotype. In this study, we hypothesized that an increased production of proinflammatory cyclooxygenase (COX) products occurs before endothelial dysfunction. Dilations to acetylcholine (ACh) were recorded from pressurized renal arteries isolated from 3-and 6-mo-old C57Bl/6 male mice treated or not with the polyphenol catechin (30 mg ⅐ kg Ϫ1 ⅐ day Ϫ1 ) in drinking water for 3 mo. Release of thromboxane (TX) B 2, the metabolite of TXA 2, was measured by using immunoenzymatic assays, and free radical production was measured by using the fluorescent dye CM-H 2DCFDA. Endothelial nitric oxide synthase (eNOS) and COX-1/2 mRNA expression were quantified by quantitative PCR. N G -nitro-L-arginine (L-NNA) reduced (P Ͻ 0.05) ACh-induced dilation in vessels isolated from 3-and 6-mo-old mice. In the presence of L-NNA, indomethacin normalized (P Ͻ 0.05) the dilation in vessels from 6-mo-old mice only. SQ-29548 (PGH 2/TXA2 receptor antagonist) and furegrelate (TXA 2 synthase inhibitor), in the presence of L-NNA, also improved (P Ͻ 0.05) dilation. L-NNA increased TXA2 release and free radical-associated fluorescence, the latter being prevented by SQ-29548. In vessels from 6-mo-old mice treated with catechin for 3 mo, L-NNA-dependent reduction in ACh-mediated dilation was insensitive to indomethacin, whereas TXA 2 release and free radical-associated fluorescence were prevented. eNOS mRNA expression was significantly increased by catechin treatment. Our results suggest that an augmented production of TXA 2 and the associated change in redox regulation precede the development of the endothelial dysfunction. nitric oxide; cyclooxygenase; reactive oxygen species NORMAL VASCULAR ENDOTHELIAL function depends on a controlled balance between the production and the release of endothelium-derived relaxing and contracting factors. The contribution to the dilation of endothelium-derived nitric oxide (NO), prostacyclin (PGI 2 ), and the endothelium-derived hyperpolarizing factor (EDHF) is in harmony with the release of constrictors such as endothelin, prostaglandins (PGs), and thromboxane (TX) A 2 (13, 20) . The imbalance toward an increased release and/or functional impact of endotheliumderived contracting factors on the vascular function, however, is associated with an established endothelial dysfunction (2, 16), a hallmark of cardiovascular diseases and aging (13).
NORMAL VASCULAR ENDOTHELIAL function depends on a controlled balance between the production and the release of endothelium-derived relaxing and contracting factors. The contribution to the dilation of endothelium-derived nitric oxide (NO), prostacyclin (PGI 2 ), and the endothelium-derived hyperpolarizing factor (EDHF) is in harmony with the release of constrictors such as endothelin, prostaglandins (PGs), and thromboxane (TX) A 2 (13, 20) . The imbalance toward an increased release and/or functional impact of endotheliumderived contracting factors on the vascular function, however, is associated with an established endothelial dysfunction (2, 16) , a hallmark of cardiovascular diseases and aging (13) .
Cyclooxygenase (COX)-derived contracting factors are released from intact rat aorta (22) under circumstances where NO production is reduced (4, 8, 15, 22, 31, 32) . In the aorta of hypertensive rats, the release of a COX-derived contracting factor limits the endothelium-dependent relaxation induced by acetylcholine (ACh) (5, 19) . Likewise, impaired vasodilation to ACh in the forearm of hypertensive patients can be restored by a COX inhibitor (25) .
Some studies suggest, however, that COX-derived contracting factors could act in concert with reactive oxygen species (ROS) to induce vasoconstriction. ROS cause the contraction of rings of the thoracic aorta isolated from spontaneously hypertensive rats, which can be prevented by indomethacin (3) . Tesfamariam (26) showed that activation of PGH 2 receptors causes contraction and impairment of endothelium-dependent relaxations in intact rat aorta by a mechanism involving the generation of ROS.
Recently, we reported (13, 18) that the endothelial pathways responsible for the dilation of mouse isolated vessels evolve during maturation and aging, demonstrating that the endothelial biology is dynamic with time, most likely as a result of time-dependent injuries and repairs. We observed that in C57Bl/6 mice, these intrinsic changes were not associated with an endothelial dysfunction between the ages of 3 and 6 mo but only at 12 mo of age. Intriguingly, similar changes in endothelial biology occurred earlier in dyslipidemic mice, with a significant increase in oxidative stress and impaired endothelial dilatory function at the age of 6 mo (13, 18) . We therefore speculated that the changes in the contribution of the various endothelium-derived vasoactive factors observed with maturation (up to 6 mo of age) in C57Bl/6 mice may be adaptive to maintain function and may therefore be a reflection of the upcoming endothelial dysfunction in aging mice.
In the present study, we assessed the potential role of a COX-derived factor in the reduced dilation of the mouse renal artery during pharmacological inhibition of NO synthesis and studied the role of ROS generation in this process. We propose that the increased contribution of TXA 2 in the regulation of the vascular tone is a precursor of the future endothelial dysfunction associated with aging.
MATERIALS AND METHODS
Renal arteries were isolated from 3-and 6-mo-old male C57Bl/6 mice (Charles River, St-Constant, QC, Canada). Endothelial dysfunction is noticeable at 12 mo (13) . In a separate set of experiments, 3-mo-old mice were treated with the antioxidant polyphenol catechin (30 mg ⅐ kg Ϫ1 ⅐ day Ϫ1 ) in drinking water for 3 mo before study. At this time, animals were anesthetized with isoflurane (2.5%) in O 2 (0.5 l/min), and blood pressure was measured by using a Millar catheter inserted in the carotid artery. The procedures and protocols were approved by the Animal Care and Use Committee of the Montreal Heart Institute and performed in accordance with our institutional guidelines and the Guide for the Care and Use of Laboratory Animals of Canada.
Vascular reactivity studies. Experiments were conducted in isolated and pressurized (100 mmHg) mouse renal arteries (external diameter Ϸ 400 m) as previously described (13) . After 50 min of equilibration, myogenic tone, i.e., the reduction in diameter induced by the intraluminal pressure, had developed. Arterial segments were then preconstricted with phenylephrine (PE; 30 mol/l), and concentration-response curves to ACh (0.001-30 mol/l) were constructed. Inhibition of NO production was achieved by using N G -nitro-Larginine (L-NNA; 10 mol/l). PGI2 and TXA2 production were inhibited by indomethacin (Indo; 10 mol/l), a nonselective inhibitor of COX; NS-398 (10 mol/l), a selective COX-2 inhibitor; or valeryl salicylate (VS; 1 mmol/l), a selective COX-1 inhibitor (13) . In addition, selective TXA 2 production was inhibited by using furegrelate (10 mol/l), a TXA2 synthase inhibitor (7) . PGH2/TXA2 (TP) receptor was antagonized by using SQ-29548 (10 mol/l). The effects of endogenous free radicals were inhibited by acute pretreatment of the vessel with N-acetyl-L-cysteine (NAC; 1 mol/l) or catalase (Cat; 100 U/ml) for 30 min before the beginning of the dose-response curve (10, 13) . Only one concentration-response curve was performed on each vessel.
Free radical measurement. Isolated and pressurized renal arteries were incubated in the presence of 5-(and-6)-chloromethyl-2Ј,7Ј-dichlorodihydrofluorescein diacetate acetyl ester (CM-H 2DCFDA; 5 mol/l) added to the bath 30 min before the beginning of the experiment as previously described (10) . Arteries were then washed with fresh physiological salt solution (PSS). Basal level of fluorescence was set at the same level for every artery at the beginning of the experiment. Changes in fluorescence were then measured: fluorescence intensity was assayed in vessels exposed to L-NNA alone or in combination with SQ-29548 and to U-46619 (an analog of TXA 2; 0.1 mol/l) alone. Specificity of the probe for free radicals was achieved by using H 2O2 (500 mol/l), as previously demonstrated by our group (10) . Addition of H2O2 in the bath increased by 30-fold the fluorescence intensity compared with the basal condition (data not shown).
Quantification of the vasoconstrictor TXA 2 and its stable end product TXB2 released by renal arteries. Vessels were pressurized in a 2-ml chamber. Drugs were added to the bath during the equilibration period and before the experiment (30 min). PE-contracted vessels were then dilated with a single dose of ACh (30 mol/l). The PSS was collected from the chamber and was frozen at Ϫ80°C. The level of the stable end product of TXA 2 (TXB2) was assayed by ELISA following the protocols provided by the manufacturer (Cayman Chemical, Ann Arbor, MI). 
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Invitrogen), dNTPs (0.5 mmol/l; MBI Fermentas), and supplied optimal buffers. The reaction protocol consisted of three successive incubation steps: 1) 25°C for 10 min, 2) 37°C for 50 min, and 3) 70°C for 15 min.
Quantitative PCR was performed with 1 or 2 ng of cDNA template, depending on the gene studied, and containing the appropriate primer concentration [eNOS (300 nM), COX-1 (300 nM), COX-2 (300 nM), cyclophilin A (300 nM)] and SYBR Green PCR master mix (Stratagene). Primers for each gene were obtained from distinct exons that spanned an intron by using the Ensembl genome browser (http:// www.ensembl.org). The sequence specificity of each primer was verified with the BLAST program derived from the National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov). The primers used were as follows (5Ј 3 3Ј): mouse eNOS, forward CACGAGGCACTGGTGTTGGT, reverse CTTGCGCCGCCAA-GAGGATA; mouse COX-1, forward ACTCAGCGCATGACTA-CATC, reverse CTTCTCAGCAGCAGCTGTTG; mouse COX-2, forward GAACATGGACTCACTCAGTTTGTTG, reverse CAAA-GATAGCATCTGGACGAGGT; and mouse cyclophilin A, forward CCGATGACGAGCCCTTGG, reverse GCCGCCAGTGCCATTATG. PCR products were purified, sequenced, and confirmed to be the genes of interest.
Statistical analysis. In every case, n refers to the number of animals used in each protocol. Continuous variables are expressed as means Ϯ SE. Half-maximum effective concentration (EC50) of ACh was measured from individual concentration-response curves only when a maximal response was obtained. The vascular sensitivity (pD2) value, the negative log of the EC50, was obtained. At the end of the protocol, the maximal diameter (Dmax) was determined by changing the PSS to a Ca 2ϩ -free PSS containing sodium nitroprusside (10 mol/l) and EGTA (1 mmol/l). Myogenic tone was measured at 100 mmHg and was expressed as percentage of the D max. ACh-induced dilation is expressed as a percentage of the Dmax. ANOVA studies followed by a Scheffé's F-test were performed to compare maximal dilation (E max) and pD2 of dose-response curves. Unpaired t-tests were performed for prostanoids and free radical measurements. Differences were considered to be statistically significant for a P value Ͻ0.05.
Drugs. ACh, phenylephrine, L-NNA, Indo, SQ-29548, furegrelate, Cat, NAC, sodium nitroprusside, EGTA, and U-46619 were purchased from Sigma (St. Louis, MO). NS-398 and VS were purchased from Cayman Chemical. CM-H 2DCFDA was obtained from Molecular Probes/Invitrogen (Burlington, ON, Canada) and was diluted daily in DMSO. All drugs were prepared daily and were diluted in Ultrapure water, except for Indo, U-46619, and VS, which were prepared in ethanol. NS-398 was prepared in DMSO. All drugs were then directly inserted in the bath chamber, and the final concentrations of ethanol or DMSO never exceeded 0.1%.
RESULTS
Effect of L-NNA and Indo. Myogenic tone was insensitive to Indo in vessels isolated from 3-and 6-mo-old mice, whereas L-NNA increased basal tone; in both groups, addition of Indo prevented the constrictor effects of L-NNA (Table 1) . The endothelium-dependent dilation to ACh of renal artery isolated from 6-mo-old mice was maximal (83 Ϯ 3% of D max ) and was similar to the dilation of renal arteries isolated from 3-mo-old mice (90 Ϯ 5%). At 3 mo, L-NNA reduced (P Ͻ 0.05) both the dilation (68 Ϯ 4%) and the pD 2 (5.8 Ϯ 0.2) to ACh compared with the control conditions (90 Ϯ 5% and 6.7 Ϯ 0.1, respectively). Indo did not alter the inhibitory effect of L-NNA on the E max induced by ACh (67 Ϯ 5% and 5.9 Ϯ 0.2; Fig. 1A ). Likewise, at 6 mo, inhibition of NO synthesis by L-NNA reduced (P Ͻ 0.05) the E max to ACh (58 Ϯ 8%; Fig. 1B) as well as the pD 2 (5.9 Ϯ 0.1) to ACh, compared with the control conditions (83 Ϯ 3% and 6.4 Ϯ 0.2; Table 2 and Fig. 1B) . Addition of Indo in the presence of L-NNA, however, normalized (P Ͻ 0.05) the E max and pD 2 to ACh (Table 2 and Fig.  1B) . Indo alone had no effect on the E max and pD 2 to ACh of vessels isolated from mice of 3 (E max , 88 Ϯ 3% and pD 2 , 6.5 Ϯ 0.2) and 6 mo of age (E max , 95 Ϯ 8% and pD 2 , 6.6 Ϯ 0.2). None of the experimental conditions affected the contraction induced by PE ( Table 1) .
Effect of the preferential COX-1 and COX-2 inhibitors VS and NS-398. In the presence of L-NNA, addition of either NS-398, a selective inhibitor for COX-2, or VS, a selective inhibitor for COX-1, mimicked the effect of Indo: both inhibitors restored (P Ͻ 0.05) the E max and the pD 2 to ACh of vessels isolated from 6-mo-old mice (Table 2 and Fig. 2A) . Likewise, both selective inhibitors prevented L-NNA-induced rise in basal tone ( Table 1) .
Effect of the TXA 2 synthase inhibitor furegrelate and TP receptor antagonist SQ-29548. To evaluate the potential contribution of TXA 2 to the reduced dilation induced by ACh in the presence of L-NNA, we tested the effects of furegrelate, a TXA 2 synthase inhibitor, and SQ-29548, a TP receptor antagonist. Both pharmacological agents prevented (P Ͻ 0.05) the inhibitory effects of L-NNA on the dilation induced by ACh in arteries isolated from 6-mo-old mice (Table 2 and Fig. 2, B and  C) . In contrast, neither furegrelate nor SQ-29548 prevented L-NNA-induced basal contraction, suggesting that TXA 2 is not involved in this basal mechanism ( Table 1) .
Production of TXA 2 metabolite TXB 2 by renal arteries. During the experimentation using vessels isolated from 6-moold mice, the production of TXB 2 , the metabolite of TXA 2 , was quantified. TXB 2 levels only increased (P Ͻ 0.05) when the arteries were incubated in the presence of L-NNA (Fig. 3) . The increase in TXB 2 release was prevented (P Ͻ 0.05) by addition of either Indo or furegrelate (Fig. 3) .
Free radical measurement. To test the relationship between NOS activity, TXA 2 , and oxidative stress, free radicals were measured by using the fluorescent dye CM-H 2 DCFDA (10) in pressurized renal arteries exposed to L-NNA, SQ-29548, and U-46619, a synthetic analog of TXA 2 . In renal arteries isolated from 6-mo-old mice, addition of L-NNA increased (P Ͻ 0.05) free radical-associated fluorescence compared with the basal condition (Fig. 4) . The effect of L-NNA was prevented (P Ͻ 0.05) by SQ-29548. Addition of U-46619 strongly increased (P Ͻ 0.05) the production of free radicals from isolated and pressurized mouse renal arteries (Fig. 4) .
Effect of NAC and Cat on ACh-induced dilation.
To validate the functional importance of TXA 2 -dependent free radical production on the dilatory response induced by ACh in isolated 4 . Measure of free radical production using the reactive oxygen speciessensitive dye CM-H2DCFDA in pressurized renal arteries isolated from 6-moold mice. Changes in fluorescence were collected in the presence of L-NNA (10 M) alone or in combination with SQ (10 M) and during stimulation with the TXA2 analog U-46619 (100 nM). Data are means Ϯ SE; n ϭ 5-7. *P Ͻ 0.05 compared with basal. vessels, we pretreated the arterial segments either with the antioxidant NAC or with Cat. Both acute interventions prevented (P Ͻ 0.05) the diminution of the dilation induced by ACh in the presence of L-NNA. Only NAC, however, normalized (P Ͻ 0.05) the pD 2 to ACh (Table 2 and Fig. 5) . Furthermore, both antioxidants prevented the rise in tone induced by L-NNA ( Table 1 ), demonstrating that the redox equilibrium contributes to basal tone regulation.
Effects of L-NNA and Indo, quantification of TXA 2 /TXB 2 , and free radical measurement in renal arteries isolated from 6-moold mice treated with catechin. To test the hypothesis that a change in the redox environment contributes to TXA 2 -mediated reduction in dilation to ACh observed in the presence of L-NNA, we used renal arteries isolated from 6-mo-old mice previously treated for 3 mo with the polyphenol catechin.
Blood pressure and heart rate were not significantly different between 3-mo-old mice (367 Ϯ 40 mmHg and 72 Ϯ 4 bpm; n ϭ 5) and 6-mo-old mice treated for 3 mo with catechin (334 Ϯ 20 mmHg and 70 Ϯ 3 bpm; n ϭ 5). In isolated renal vessels, however, the basal myogenic tone was increased (Table 1) . It was, however, reduced to normal control values by Indo. Addition of L-NNA doubled myogenic tone, but this rise was not sensitive to Indo, revealing a significant change in vascular physiology after 3-mo catechin treatment. In renal arteries isolated from these mice, L-NNA decreased (P Ͻ 0.05) the dilation induced by ACh (Fig. 6A) . Addition of Indo, however, did not normalize this response (Fig. 6A) , in contrast to what was observed in arteries isolated from untreated 6-mo-old mice (Fig. 1B) . In agreement with these functional data, the 3-mo treatment period with catechin strongly reduced (P Ͻ 0.05) TXA 2 release by renal arteries under control conditions (Fig. 6B ) compared with TXA 2 release from vessels of untreated animals (Fig. 3) . Furthermore, the addition of L-NNA neither stimulated the production of TXA 2 (Fig. 6B) nor increased free radical-associated fluorescence (Fig. 6C) , whereas U-46619 still increased free radical production (Fig. 6C) .
COX-1/-2 and eNOS mRNA expression in the aorta of catechin-treated mice. As shown in Fig. 7, 3 -mo therapy with catechin significantly increased eNOS and COX-2 mRNA expression. In contrast, COX-1 mRNA expression did not change.
DISCUSSION
In the present study, we show that in the absence of NO, ROS production induced by COX-derived TXA 2 functionally limits endothelial dilation in renal arteries isolated from 6-mo-old mice by decreasing EDHF release and/or efficacy (see Fig. 8 ). In addition, we have evidence that a change in the redox environment between the ages of 3 and 6 mo is responsible for the expression of TXA 2 -dependent ROS production. We propose, therefore, that TXA 2 production is indicative of the endothelial dysfunction that will develop later with normal aging.
In renal arteries isolated from 3-and 6-mo-old mice, inhibition of NO production similarly reduced ACh-induced dilation. L-NNA reduced dilation by 25% in 3-mo-old and by 30% in 6-mo-old mice, demonstrating that NO production is not altered between the two groups. Cyclooxygenase inhibition (irrespective of the isoform), however, reestablished the normal dilation only in 6-mo-old mice. This confirms that maturation and aging are associated with changes in the mechanisms involved in the regulation of the vascular reactivity (13) . We have previously reported that the P-450 epoxygenase/ EDHF pathway was functionally expressed at 12 but not 3 mo of age in the gracilis artery of C57Bl/6 mice (18). In our experiments, in the presence of L-NNA and Indo the dilation at 6 mo old is normal, demonstrating that, in contrast to what we observed at 3 mo, the EDHF pathway is most likely activated and compensates in the absence of NO; Indo, however, needs to be present to reveal the full dilatory potential of the endothelium. Inhibition of NO indeed unmasks the production of TXA 2 and ROS-associated production, which limits AChinduced dilation. Others (4, 12, 14) have reported this phenomenon in vessels isolated from spontaneously hypertensive rats. Addition of Indo alone tended to increase the E max induced by ACh without altering pD 2 ( Table 2 ), suggesting that inhibition of NO stimulates TXA 2 production rather than facilitating an already augmented TXA 2 production.
Inhibition of either COX-1 or COX-2 maintained the dilation in the presence of L-NNA at 6 mo. We previously showed (13) by Western blot and confocal microscopy that both isoforms are expressed and that the expression of COX-2 is upregulated at 6 mo. Our present data showing that COX-2 mRNA expression is increased at 6 mo compared with 3 mo and that COX-1 is present but stable (Fig. 7) is therefore consistent. Nonetheless, the augmented expression of the COX-2 isoform may be responsible for the functional change in reactivity observed at 6 mo. Both isoforms contribute to the production of TXA 2 (6, 21, 27, 28) , and recently TXA 2 has been associated to atherogenicity in lowdensity lipoprotein receptor knockout mice (9) .
Both TXA 2 receptor antagonism and TXA 2 synthase inhibition restored the dilation induced by ACh in the presence of L-NNA in renal arteries isolated from 6-mo-old mice. L-NNA leads to an increase in the production and release of TXA 2 measured by ELISA in the bathing solution, an effect that was prevented by furegrelate and Indo. Several groups have suggested that an unidentified endothelium-derived constricting factor induced vasoconstriction by acting on the TP receptor Fig. 8 . Proposed mechanism. PLC, phospholipase C; EDHF, endothelium-derived hyperpolarizing factor; IP, PGI2 prostanoid receptor. (5, 12, 17, 19, 29, 30, 33) . Our data extend these earlier findings and demonstrate that TXA 2 limits the dilation induced by ACh by acting on its TP receptor, which leads to the production of free radicals. NAC and Cat normalized the dilatory response, mimicking the effects of furegrelate, Indo, and SQ-29548. NAC, a broad ROS scavenger and precursor of glutathione, was more effective in preventing L-NNA-dependent vasoconstriction than Cat; this suggests that binding of TXA 2 to its TP receptor induces the release of a precursor of H 2 O 2 , likely superoxide. Works by Gao and Lee (11) showed that H 2 O 2 is an endothelium-dependent contracting factor in the rat renal artery. This group also demonstrated that exogenous H 2 O 2 -induced contraction was attenuated by antagonism of TP receptors and inhibition of TXA 2 synthase, suggesting that H 2 O 2 stimulates TXA 2 release. In our experimental conditions, this sequence of events is, however, unlikely, because the TXA 2 analog U-46619 induced free radical production, and TP receptor antagonism prevented L-NNA-induced free radical production as well. Others have shown that free radicals are involved in COX-dependent contractions, but in most studies, the contacting factor was not identified and was only observed in pathological models (1, 5, 29, 30, 33) . We have no indication that the rise in TXA 2 -dependent free radical production limits ACh-induced dilation in the presence of L-NNA by constricting the vessels. We previously reported that the P-450 epoxygenase/EDHF pathway was highly sensitive to oxidative stress, which inhibited its dilatory role (18) . It is therefore more likely that in our experimental conditions, the increase in TXA 2 production stimulates free radical production, inactivating EDHF, which is fully functional after inhibition of the TXA 2 pathway (Fig. 8) . In support of this proposal, we observed that the increase in basal tone (myogenic response) induced by L-NNA was normalized by Indo but not furegrelate and SQ-29548 ( Table 1 ), demonstrating that other prostaglandins, such as PGH 2 , constrict the renal artery on NO inhibition but not TXA 2 which effect is associated with the rise in free radical production.
To test the hypothesis that a change in the redox environment contributes to TXA 2 -mediated reduction in dilation to ACh observed in the presence of L-NNA, we treated 3-mo-old mice with the antioxidant catechin for 3 mo. At 6 mo of age, renal arteries isolated from catechin-treated mice responded to ACh by a dilatory response similar to those isolated from untreated mice, both in control conditions and in the presence of L-NNA. Indo, however, did not restore the normal dilatory response to ACh, whereas L-NNA neither increased TXA 2 nor free radical production. Hence, catechin prevented the evolutionary change that normally takes place at 6 mo and maintained the profile of dilation observed at 3 mo. The redox environment is therefore changed by catechin, and this has a significant impact on the basal physiology of the renal artery. It has been demonstrated that polyphenols can inhibit superoxide-producing enzymes such as NADPH oxidase (23) . Catechin produces similar effects to NAC; because catechin is not known to contribute to the glutathione pathway, the beneficial effects of catechin are likely due to scavenging of ROS (more specifically superoxide) that will reduce H 2 O 2 formation. Polyphenols can improve endothelial function by increasing the production of NO, EDHF, and PGI 2 and by inhibiting the production of vasoconstrictors (24) . Thus the mechanisms by which catechin improves endothelial function are complex and may involve several vasoprotective pathways, the increase in eNOS expression being one of them.
Myogenic tone was increased but reduced to normal control values by Indo, whereas this latter had no influence on tone in control vessels isolated from untreated mice (Table 1 ). In addition, L-NNA induced a very potent constriction, which was insensitive to Indo. We do not know the significance of these changes because they were not associated with a change in blood pressure and heart rate. They highlight, however, the fundamental role of free radicals in cellular function: on the one hand, catechin promotes contractile prostanoid production (basal tone), while on the other hand it prevents TXA 2 release. The increase in basal tone may be related to the increased expression of COX-2 induced by catechin. Hence, catechin promotes the isomerase/reductase synthase pathway but limits the TXA 2 synthase pathway (Fig. 8) . We do not know, however, if this is a direct effect of catechin or if it is secondary to the rise in NO production.
The latter experiments suggest also that a change in the redox environment (that is prevented by catechin) appears to increase NO inhibition of TXA 2 synthesis. It is paradoxical that this pathway is subsequently responsible for the rise in oxidative stress that will limit the impact of a dilatory pathway (potentially the P-450/EDHF pathway) that itself is expressed in 6-but not 3-mo-old mice. We propose therefore that the increase in TXA 2 production revealed by NO synthase inhibition is an early precursor of the future endothelial dysfunction. Endothelial dysfunction of the renal artery appears at the age of 12 mo in C57Bl/6 mice (13). It is important to highlight that these data were collected in the absence of NO synthase activity: under in vivo conditions, changes in dilatory function cannot be observed, demonstrating that the underlying mechanism leading to TXA 2 production and oxidative stress through maturation is subtle. The mechanisms sensitive to redox regulation and leading to these changes in the endothelial pathways are, however, unknown.
In conclusion, our data demonstrate that TXA 2 -induced ROS production functionally limits endothelial dilation in the absence of NO in renal arteries isolated from 6-but not 3-mo-old mice. We propose that a change in the redox environment that can be prevented by catechin increases TXA 2 production, which could be indicative of the endothelial dysfunction that develops later with age.
